Abstract-Inspecting the olfactory cleft can be of high interest, as it is an open access to neurons, and thus an opportunity to collect in situ related data in a non-invasive way. Also, recent studies show a strong link between olfactory deficiency and neurodegenerative diseases such as Alzheimer and Parkinson diseases. However, no inspection of this area is possible today, as it is very difficult to access. Only robot-assisted interventions seem viable to provide the required dexterity. The feasibility of this approach is demonstrated in this article, which shows that the path complexity to the olfactory cleft can be managed with a concentric tube robot (CTR), a particular type of continuum robot. First, new anatomical data are elaborated, in particular for the olfactory cleft, that remains hardly characterized. 3D reconstructions are conducted on the database of 20 subjects, using CT scan images. Measurements are performed to describe the anatomy, including metrics with inter-subject variability. Then, the existence of collision-free passageways for CTR is shown using the 3D reconstructions. Among the 20 subjects, 19 can be inspected using only 3 different robot geometries. This constitutes an essential step towards a robotic device to inspect subjects for clinical purposes.
INTRODUCTION
There is a growing interest in the study of the olfactory epithelium (OE) (Fig. 1) . It is the most proximal axonal area of the human brain, with neurons that can be regenerated. 12 Its in vivo analysis is considered in neuroscience for brain medicine development. 14, 28 Both nasal cavities of a subject are known to have functional differences, as illustrated in Ref. 5 , which are interesting to investigate. In neurology, several recent clinical studies 13, 21, 22, 26 have demonstrated the existence of a correlation between the appearance of neurodegenerative diseases and the loss of smell. This latter could therefore be a reliable precursor sign of neuronal degeneration, before memory and motricity deficiency signs. 17 Alzheimer and other dementias are projected to show a 66% increase from 2005 to 2030. 1 Confirmation of the occurrence of OE neuropathological changes for neurodegenerative diseases is then of utmost interest, which requires direct and objective exploration of the OE.
New contactless imaging modalities like optical coherence tomography (OCT) can provide 3D optical biopsies, with a spatial resolution that is adapted to the individual size of the olfactory cells, typically in the order of a few tens of micrometers in diameter. 18 Such a modality can in addition make use of an optical fiberbased probe. The fiber can be associated to a prism, to orientate the light ray and thus make a side-firing probe. They can have a diameter as low as 0.125 lm, and are available today at a commercial level. 3 Thus, an imaging technique for in situ observation of the OE is no longer an issue. On the contrary, in vivo observation of the OE is still an open challenge because of its location and access. Bringing the imaging probe to the OE requires to go inside the olfactory cleft ( Fig. 1) , a hollow structure of well-known geometrical complexity. 31 The OE covers the olfactory clefts ( Fig. 1) , which length is about 30 mm, with a dense distribution of neural receptors right after its entry. 27 However, the width of the olfactory cleft does not exceed 2 mm. The size of the probe-holder is therefore strongly constrained. In addition, no conventional instrument can be used to reach non-invasively this area. Their size and straight shape make them incompatible with the geometry of the olfactory cleft. Finally, the OE inspection requires fine scanning motions, of resolution compatible with the olfactory cells size and imaging technology. A manual approach does not seem adapted in this context. In our opinion, only a robotized approach is viable. It has indeed been considered successfully in several medical applications with close constraints.
6,9,10,23,32 Several types of continuum robots have been demonstrated to be of interest for navigation in the human body, 8 and are then being used to overcome limitations of manual approaches with conventional instruments. Concentric tube robots (CTR) are indeed particularly relevant in the present context. Such robots are an assembly of superelastic precurved tubes, that interact and conform to give the robot its shape. The latter can be changed by relative translations and rotations of the individual tubes. The absence of active elements inside the robot maximizes the compactness, with achievable diameters below 1 mm. 15, 33 Such continuum robots can in addition be deployed in a so-called follow-the-leader (FTL) manner, during which the backbone of the robot follows the path traced out by its tip. 19 This means that the robot occupies a minimal volume during its deployment. It is a particularly interesting deployment strategy in highly constrained environments such as the nasal cavity. We therefore consider that it is of utmost interest to assess the feasibility of a robotized inspection using a CTR with FTL deployment for in situ characterization of olfactory cells, to be used for clinical purposes.
As described above, the key issues are related to the absence of straight access to the OE and the very limited space available in the nasal cavity. The feasibility of a robot-assisted in vivo inspection of the OE is therefore intrinsically linked to the determination of deployment schemes of a robotic device that are compatible with the human anatomy. In this paper, we demonstrate, using engineering techniques applied to medicine, that it is possible to inspect the OE with a rather simple approach, despite the complexity of the nasal cavity.
The problem in this determination is twofold. First, there is very limited information on the olfactory cleft geometry in the literature. 3D information, here mandatory to assess the robotic approach feasibility, is not available. Inter-subject variability is a priori significant, and needs to be assessed, including potential differences between left and right cavities for a single subject. Second, deployment paths have to be generated to verify the existence of robotized solutions to inspect the OE. The corresponding methodologies and results are presented in ''Materials and Methods'' and ''Results'' respectively, followed by a discussion in ''Discussion''.
MATERIALS AND METHODS
Our general approach is to decompose the analysis in two steps. First, 3D information on the geometry of the nasal cavity, including the olfactory cleft is established. Second, the existence of admissible paths for a robotic device is assessed. The anatomy of the nostril is complex, being composed of soft tissues in the nasal vestibule area (Fig. 1) , and then of bone and cartilage in the upper part. Given the rigidity of the latter elements, no contact or interaction with them is admissible. In the olfactory cleft, the mucosa that covers the OE cannot be in contact with a device either, because of its fragility. We therefore need the 3D shape of the nasal cavity corresponding to these structures, including inter-subject variability. To do so, a set of 20 subjects (10 females, 10 males) aged 18 or more is selected for our study. In order to maximize the reconstruction accuracy for our study, CT images are being considered. According to the regulatory requirements for this kind of research, a study protocol entitled ''Evaluation of inter-patient variability of the nasal cavity dimensions from CT scans'' was established. This protocol, as well as patient information leaflet (for information and non-opposition) and regulatory forms, were declared to the French commission for data protection ''Commission nationale de l'informatique et des liberte´s'' (CNIL). The authorization of study set up, represented by the declaration receipt, was received on December 24th, 2015. Following the protocol, CT scans of 20 patients from a SIEMENS SOMATOM Definition AS + scanner were chosen by maxillofacial surgeons of the University Hospital of Besanc¸on. Selected subjects are adults with fully formed nasal cavities that no longer experience structural and morphological changes. In their selection, the surgeons avoided profiles presenting any pathology that could interfere with the targeted parameters of the study in the concerned area (sinusitis, cancer, previous surgeries for instance). The files were subsequently anonymized. Images are taken in transverse planes, with resolutions in the range of 0.25-0.39 mm, and slice thickness between 0.6 and 1.0 mm.
As mentioned earlier, information on the olfactory cleft anatomy is not available in the literature. The most interesting results are presented in Refs. 16 and 34, where medical images are used to perform a set of measurements. However, the methodologies used to obtain these results are not suitable to our needs, first because measurements are performed in conventional anatomical planes. Distance measurements can be biased since these planes do not correspond necessarily to the principal planes of the evaluated geometry. Second, only local measurements are performed, that are not sufficient to establish the admissibility of a robotic deployment. On the contrary, the results we present are based on whole 3D reconstructions of the nasal cavity anatomy.
The reconstruction process is composed of three steps, namely segmentation, 3D reconstruction and extraction of the area of interest, as illustrated in Fig. 2 . On the contrary to approaches such as described by Bui, 7 a manual threshold-based method is used for segmentation. It allows a manual selection of greyscale levels, after visual inspection of the images by an operator to delimit the air/tissue interface. Such approach is considered since grey level corresponding to the tissues is dependent on the subject and no standard setting can be adopted. The impact of the user choice on the accuracy of the tissue location was estimated by asking 10 users to determine the threshold for a same subject. These 10 users had no medical background, so the estimation tends to be an upper bound of the measurement error. The impact of the threshold variability was then assessed by comparing the mesh reconstructed using the mean threshold, and the same shifted with the observed standard deviation. The root mean square (RMS) shape difference in the area of interest is equal to 0.04 mm. Such accuracy in the determination of this interface is hence considered satisfactory.
The segmentation and 3D reconstructions steps are performed using InVesalius, 2 which implements a Marching Cubes algorithm 29 and a context-aware smoothing algorithm 30 used for our application. The extraction of the nasal cavity is performed using Meshlab. 11 The final result is a set of 40 meshes of nasal cavities, two for each subject. An example of left and right nasal cavities is represented in Fig. 2 .
From this set of meshes, the assessment of the robot-assisted inspection feasibility can be performed. CTR are a particular type of continuum robots, able to follow a path in a FTL manner when this latter is composed of constant-curvature segments. 4, 19 A representation of a CTR is visible in Fig. 3a . In the following, we designate segments and links as the constant-curvature portions of the path to follow and of the robot, respectively (Fig. 3b) . Concentric tube robots that are planar and made of constant curvature tubes are compatible with a FTL deployment, 19 as long as the robot is not subject to external loads. In this case, corresponding to our context, its deployed shape is considered as composed of a sequence of constantcurvature links of cylindrical shapes, each one of a specific diameter. Determination of feasible solutions consists in identifying the curvature, diameter of the constant-curvature links to reach the OE, as well as their curvilinear lengths. Based on the robotic task division introduced in other contexts, 4, 25 two functional sections are introduced for the CTR. The first one aims at reaching the olfactory cleft entry, designated in the following as the navigation task, with a dedicated navigation section (Fig. 4) . The second one aims at scanning the OE, which is the exploration task, realized by an exploration section. Selection of the number of links can be performed by considering each of these two tasks. Since the maximum outer diameter of a CTR is directly linked to the number of links, it is desired to minimize this number given the strong space constraints. A single constant-curvature link for the navigation section is not sufficient given the anatomy. Two constantcurvature links are at least needed for the navigation section. The nasal vestibule is actually reached today with straight conventional tools. Based on this information, the first link is thus chosen straight, while the second segment is chosen curved, with a curvature to be determined. For the exploration section, a straight link is selected for simplicity. The shape of the robot is therefore parameterized by the length of the straight, curved links of the navigation section, denoted l 1 and l 2 respectively, by the length l 3 of the straight link of the exploration section, and by the curvature c 2 of the curved link of the navigation section (Fig. 4) .
The deployment and scanning tasks can be defined as follows. During the exploration task, the distance between the robot tip and the roof must remain in the range of [2, 4] mm in order to image the OE. Therefore, one extremity of the curve describing the navigation section has to be placed at a distance of 3 mm, the average distance, to the roof of the olfactory clefts (Fig. 4) . A frame (x 1 , y 1 , z 1 ) is defined accordingly. Its orientation is obtained by rotating the base frame about the z 0 and x 0 axis, so that the y 1 axis is centered between the olfactory cleft lateral surfaces, and is parallel to its roof. The tangent to the curve describing the navigation section is set parallel to the roof of the olfactory cleft to ease the deployment of the exploration section of the robot, with orientation tolerances of 10 degrees of amplitude about the x 1 and z 1 axes, designated by angles h Bx 1 and h Bz 1 respectively as illustrated in Fig. 4 to account for the [2, 4] mm of distance to the OE. Some flexibility exists in the positioning of the robot base with respect to the nasal cavity. This placement freedom is used to maximize the chance of finding a collision-free navigation section. The geometry chosen to go from the nostril to the entry point of the olfactory cleft is parameterized by the location of the entry point A (Fig. 4) , of the final point B, and the orientation in point B, for the deployment of the exploration section. The position of point A in the xy plane (Fig. 4) is defined by the coordinates x A and y A . Similarly, point B can be modified along the x axis (Fig. 4) , and x B designates its location.
The search for admissible deployment paths for the robot is then achieved by exhaustive exploration of the solution space obtained after a discretization. First, a discretization of the three variables (x A , y A , x B ) is performed, with a discretization step of 1 mm for the coordinates of point A and 0.25 mm for the coordinate of point B, as it is located in a more constrained area. The orientation tolerances are discretized as well, with an angular step size of 2 degrees for h Bx 1 and h Bz 1 . Then, all the combinations of x A , y A , x B , h Bx 1 , h Bz 1 and c 2 are generated. For each of them, a collision test is performed with each of the 40 nasal cavities, with the criterion that no contact should occur, except with the soft tissue of the nostril. Given the large number of evaluations to be performed, a computational-efficient implementation is needed. Thus, parallelization is adopted with the Parallel Computing Toolbox of Matlab (The MathWorks Inc., Natick, USA), and the V-Collide 24 library is used to assess the collision occurrence efficiently. The deployment of an exploration section is not possible if no navigation section can reach the olfactory cleft entry. Therefore, only the admissible solutions for the navigation section are considered for determination of the exploration section. A straight exploration segment is added at the distal end of the navigation section. Its length is increased progressively, with a step size of 1 mm, and for each step size, the occurrence of collision with each nasal cavity of the 20 subjects is assessed.
RESULTS
Five main anatomical observations can be made directly from the obtained set of meshes.
First, large deviations of the nasal septum can be observed for some subjects, a phenomenon well-known by ENT surgeons. Figure 5a illustrates this feature on one of the 3D reconstructed models. Similarly, the olfactory clefts are not located in a single plane. A bending is observed with deviations from the sagittal plane, as illustrated in Fig. 5b . The second piece of information concerns the overall shape of the nasal vestibule. The anterior part of the nasal vestibule has a curved shape. Its geometry can be described by extracting the points located on the anterior edge, and then fitting an arc, as illustrated in Fig. 5c . The minimum, maximum and RMS radius of curvature are 21.3, 58.6 and 39.4 mm, respectively. Such values constrain admissible geometries of a robot, since it can navigate close to this area to reach the olfactory cleft.
Third, the side surfaces of the olfactory clefts occasionally fusion locally, as illustrated in Fig. 5d . Such closures occur in 10 out of the 40 cases. This is an important feature, as it means that no direct observation of the OE can be achieved around these regions.
Fourth, it is clear thanks to the 3D reconstructions that the roofs of the olfactory clefts are not flat. Therefore, if the imaging probe follows a straight trajectory, the distance between this probe and the area to be scanned will vary. Maximum deviations of the roof of the olfactory cleft are computed as represented in Fig. 5d . Minimum, maximum and RMS deviation values are equal to 0.3, 6.4 and 2.7 mm, respectively, which again constrain possible robot shapes to gain access to the OE.
Finally, thanks to the 3D reconstructions, it is possible to compute the evolution of the nasal cavity width. To do so, points on one of the surfaces of the nasal cavity are selected. In the nasal vestibule, and as illustrated in Fig. 6a , the selection has a rectangularlike shape that connects the nostril to the olfactory cleft entry. In the olfactory cleft, the points are located at a minimum distance of 2 mm to its roof, and a maximum distance of 4 mm. For each point, the distance to the other surface is computed using a point-tosurface measurement algorithm. The corresponding closest points are represented in Fig. 6a in blue for the nasal vestibule, and magenta for the olfactory cleft. In the nasal vestibule, the measured widths are greater than 2 mm as represented in Fig. 6b. A second path is then built parallel to the roof of the olfactory cleft, starting from its entry point. Given the goal of holding an OCT imaging probe, we consider an offset distance in the range of 2 to 4 mm with respect to the olfactory cleft roof. Distances between the lateral surfaces of the nasal cavity are computed along this path, using the same technique, as illustrated in Fig. 6a . Figure 6b represents the evolution of the nasal cavity width along the passageway. It is visible that the width of the nasal cavity tends to decrease along the path. From our previous observations and regarding the plot of the width against the path length, we can see that the most constrained area where the robot will navigate is the olfactory cleft, with width values between 1 and 2 mm. Also, the dispersion of the measurements for a given position on the passageway is very low: there are no important changes in the width of the nasal cavity as we come closer or move away from the roof of the olfactory cleft.
Access with a robotic device is mostly constrained in terms of size by the width of the olfactory cleft. As a consequence, inter-subject variability is assessed for this region in particular. The presented point-to-surface measurement methodology is applied in this area for the 20 subjects. When encountered, closure areas of the olfactory clefts are excluded from the measurements. Only 0.05% of the width distribution is below a value of 1 mm. Figure 7 is a boxplot representing the width distribution for the individual nasal cavities of each subject. Subject from number 1 to 10 represent women, and subjects from 11 to 20 represent men. Also, Table 1 provides simplified statistical data for the entire dataset of 20 subjects. It is visible that the width of the olfactory clefts is lower than 1 mm for 3 subjects only, and for a very limited number of situations. The 1-mm threshold is therefore considered as the maximum robot diameter in that area.
The previous observations and measurements give us the ability to assess the robot deployment paths. We observed that the nasal vestibule is non-planar. The out-of-plane variations are taken into account by choosing a cylindrical shape of diameter lower than the identified width of the nasal cavity. More precisely, the segment diameters are chosen equal to 1.6 and 1.0 mm, respectively, for the straight and curved segments, which gives us at least 1 mm of gap with respect to the nasal cavity width. For the exploration section, a diameter of 0.65 mm is chosen. This diameter, lower than the 1-mm value identified hereabove, is aimed at allowing a straight deployment even though the olfactory clefts are not perfectly planar. Given the computed anatomical data, admissible values for this parameter are set in the interval of [0.02 0.09] mm 21 , with a discretization step of 0.01 mm 21 . The combinations of x A , y A , x B , h Bx , h Bz and c 2 lead to approximately 1 million candidate robots to assess per nasal cavity.
The number of solutions for each nasal cavity can vary, as illustrated in Figs. 8a and 8b, with 950 and 3 solutions, respectively. For each subject, the minimum and maximum lengths of link 1 and 2 are determined from all the set of admissible solutions for the corresponding subject, and are reported on Table 2 . 19 out of 20 subjects can be inspected, which corresponds to a success rate of 95%. Even more interestingly, a single curvature makes a high inspection rate possible: 18 out of 20 subjects can be inspected with a curvature of 0.04 mm 21 for the distal segment, which gives a success rate of 90%. Considering in addition curvatures of 0.03 and 0.05 mm 21 gives access to 1 more subject and 7 additional nasal cavities. This demonstrates that the olfactory cleft can be reached for a significant number of subjects. Also, both nasal cavities of a subject can be accessed for a significant number of cases with all 3 different curvatures combined (16 out of 20 subjects).
There are 7928 out of 1 million tested combinations that are admissible for all the nasal cavities during the determination of the navigation section. The exploration section is computed only for the navigation sections that can successfully reach the entry of the olfactory cleft, without collision. The minimum and maximum deployable lengths of the exploration section are reported on Table 2 for each nasal cavity. This corresponds to the olfactory cleft portion that can be imaged.For the curvature of 0.04 mm 21 that leads to the highest rate of inspected subjects, the mean deployable length for all subjects is equal to 10.4 mm, which is 35% of the total length of the olfactory cleft. These satisfactory results consolidate the relevant choice of a CTR made of 3 links. A lower number of sections would have lead to a robot incompatible with the observed shape of the nasal cavity, and a higher number of sections would increase the number of tubes, and therefore cause issues with the thickness of their walls. The explorable ratio represents a significant portion of scanned olfactory cleft, in an area where the OE is known to be present and dense. 27 
DISCUSSION
In this paper, we have elaborated new anatomical data of the nasal cavity, with 3D reconstructions and extraction of relevant estimators to characterize their shape as well as variations on 20 subjects (i.e., 40 nasal cavities). The constraints to non-invasively reach the olfactory cleft, an unexplored area of the human anatomy, are now available. The full 3D data, that are meshes with the stl file format, are accessible upon request using the provided link, 1 and can be used by properly citing this paper. The detailed analysis allowed in a second step the extraction of navigation sections for the deployment of a CTR, taking into account subject inter-variability. It is shown that a navigation section composed of simply 2 links is suitable to reach the entry of the olfactory clefts. The obtained inspection rate (90% of the subjects) as well as the explored ratio (35% of the length of the olfactory clefts) for a navigation section curvature of 0.04 mm 21 are suitable for medical purposes, on selected subjects. These results are all the more interesting given that no conventional instrument can even reach the olfactory cleft today. The development of such robot is thus of high interest. It opens the way to in situ optical biopsies of the OE, that can have a significant impact on the understanding of olfactory mechanisms and related neuroscience applications. Future work will be focused on the technical development of a compact robot, based on the obtained navigation and exploration section parameters. Also, the presented methodology will be considered for other scenarios in ENT surgery, and potentially broader application fields. Finally, its extension will be considered to variable-curvature segments, that can be now designed for instance with smart materials. Geometries of the navigation and exploration sections depending on the curvature c 2 of the navigation section, presented as follows for each nasal cavity: min(l 1 ) 2 max(l 1 )/min(l 2 ) 2 max(l 2 )/min(l 3 ) 2 max(l 3 ). No value is reported if no contactless solution is identified for the navigation section, which means that the exploration section could not be computed.
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